Salicylate hydroxylase (salicylate 1-monooxygenase, EC 1.14.13.1) was purified from the soil yeast Trichosporon cutaneum. The enzyme contained flavin adenine dinucleotide and was monomeric, with a molecular weight of 45,300. In addition to salicylate, the four isomeric dihydroxybenzoates having one hydroxyl adjacent to carboxyl in the benzene nucleus were oxidatively decarboxylated without formation of hydrogen peroxide. One of these isomers, gentisate, was rapidly oxidized to hydroxyquinol by the enzyme but did not serve as an effective single carbon source for T. cutaneum; however, when growing with salicylate, cells also readily utilized gentisate for growth. Hydroxyquinol 1,2-dioxygenase (EC 1.13.11....) is a newly investigated enzyme which was purified from T. cutaneum grown with 4-hydroxybenzoate. The enzyme was red, contained ferric iron, and was specific for hydroxyquinol; catechol and pyrogallol were oxidized at less than 1% of the rate for hydroxyquinol, and no activity could be detected against seven other catechols. The enyzme was composed of two nonidentical subunits having molecular weights of 39,600 and 38,200 and was apparently dimeric.
Salicylate hydroxylase catalyzes reaction 1 of Fig. 1 . Studies with pure preparations of this enzyme from pseudomonads have contributed substantially to the knowledge of flavoprotein hydroxylases (6) . Thus, examination of salicylate hydroxylase from Pseudomonas putida provided the first clear-cut evidence for participation of flavin adenine dinucleotide (FAD) in aromatic hydroxylations (25) , whereas experiments with a pure preparation from a different soil isolate (23) led to the recognition that various compounds can behave as nonsubstrate effectors of flavin enzymes: that is, they themselves are not effectively hydroxylated, but instead, stimulate reduction of part of the oxygen to hydrogen peroxide at the expense of the NADI4 that hydroxylation would, otherwise, consume. White-Stevens and Kamin (23) showed that gentisic acid (5-hydoxysalicylic acid) behaves in part as a nonsubstrate effector of the procaryotic enzyme: hydroxylation is uncoupled to the extent that nearly half of the oxygen consumed is reduced enzymatically to hydrogen peroxide. In view of the interest in procaryotic salicylate hydroxylase, which still continues (18, 20) , we decided to purify and characterize this enzyme from the eucaryote Trichosporon cutaneum. Using a partially purified preparatioh from the organism, Anderson and Dagley (1) presented evidence that salicylate hydroxylase catalyzes reaction 2 of Fig. 1 , converting gentisate into carbon dioxide and hydroxyquinol (1,2,4-benzenetriol [7] ). Separate metabolic routes, therefore, are used to convert salicylate and gentisate into 3-ketoadipate: the former substrate is catabolized through catechol and cis,cis-muconic acid and the latter is catabolized through hydroxyquinol and maleylacetic acid (1) . Although gentisate is oxidized to completion by salicylate-grown T. cutaneum, it is a poor growth substrate for this organism when supplied as the sole source of carbon (1) . However, our present studies show that gentisate is readily assimilated by cells growing at the expense of salicylate.
Hydroxyquinol is also formed when resorcinol (7), benzoate, 4-hydroxybenzoate, and protocatechuate (1) are degraded by T. cutaneum. Ring opening (reaction 4 , Fig. 1 ) gives 3- hydroxy-cis,cis-muconate, which in its keto form is also * Corresponding author. designated as maleylacetate; 3-ketoadipate is then formed by the action of a specific NADH-dependent maleylacetate reductase (8) . As for the enzyme catalyzing ring fission, Varga and Neujahr (19) showed that hydroxyquinol is an effective substrate for catechol 1,2-dioxygenase in T. cutaneum, but its central role in the catabolism of T. cutaneum suggests the existence of a dioxygenase more specific for hydroxyquinol. We now report the purification, from 4- hydroxybenzoate-grown T. cutaneum, of a hydroxyquinol 1,2-dioxygenase which catalyzes reaction 4 ( Fig. 1 ) and attacks catechol very slowly. Although previous investigations indicate that bacteria employ two different mechanisms for opening the benzene nucleus of hydroxyquinol (3), there has been no report of purification of a hydroxyquinol dioxygenase from bacteria.
MATERIALS AND METHODS
Organism and cell extracts. The organism used, T. cutaneum, was grown in shake cultures at 30°C as described previously (2, 16) Purification of salicylate hydroxylase. All steps were carried out at 4°C or in an ice bath, using 0.05 M Na+-K+ phosphate buffer (pH 7) containing 0.5 mM dithiothreitol. A crude cell extract (475 ml) was prepared from 142 g offrozen salicylate-grown cells dispersed in 350 ml of buffer. This extract was brought to 32% saturation (calculated for 0°C) with powdered (NH4)2SO4, allowed to stand for 1 h at 0°C, and centrifuged to remove the precipitate; the supernatant solution was then brought to 64% saturation with (NH4)2SO4; this precipitate was collected on the centrifuge, dissolved in 40 ml of buffer, and dialyzed against 2 liters of buffer. The enzyme solution was loaded onto a column (3.2 by 45 cm) of DEAE-Sephacel which had been equilibrated and washed with buffer, and a linear gradient of 0 to 0.18 M KCl (1.2 liters) was then applied: the enzyme eluted at ca. 0.1 M KCl. Fractions with the highest activity were pooled, concentrated by filtration with an Amicon PM10 membrane, and applied to a column (1.5 by 93 cm) of Sephacryl S-200. The enzyme was eluted with buffer and brought to 10% (wt/ vol) (NH4)2SO4 in preparation for the next step in purification. This consisted in chromatography on a column (1.5 by 15 cm) of phenyl Sepharose CL-4B which had been equilibrated and washed with buffer containing 10% (wt/vol) (NH4)2SO4. A linear gradient (200 ml) of 10 to 0% (NH4)2SO4 was applied, with a final wash with buffer free from (NH4)2SO4 to complete the elution of enzyme. Active fractions were pooled and concentrated by filtration as before.
Affinity chromatography was used in the final purification step ( Table 1 ). The affinity gel was prepared as follows. 5-Aminosalicylic acid (0.459 g) was dissolved in 30 ml of hot 0.1 M sodium bicarbonate buffer (pH 8) , and to the solution at room temperature was added 15 ml (5 g [dry weight]) of washed and swollen 6-aminohexanoic acid-activated CHSepharose 4B gel. The rest of the coupling procedure was carried out according to instructions provided by Pharmacia Fine Chemicals (Uppsala, Sweden). The final product was purple in color and stable at 4°C in Na+-K+ phosphate buffer (pH 7) for at least 6 months; the column was repoured each time before use. The enzyme concentrate from the previous step was loaded onto the affinity column (0.95 by 11 cm), and 10 column volumes of buffer were used as a wash before a linear gradient of 0 to 1 M NaCl (total volume, 200 ml) was started. The enzyme eluted at ca. 0.22 M NaCl, and active fractions were concentrated by filtration to ca. 1 mg of protein per ml. The elution profiles of protein and enzyme activity were coincident (Fig. 2) , and the purity of the preparation was confirmed by sodium dodecyl sulfate-polyacrylamnide gel electrophoresis, when a single band was given. Purification of hydroxyquinol 1,2-dioxygenase. The procedure used to purify hydroxyquinol dioxygenase was similar to that used for salicylate hydroxylase, except that the last step (affinity chromatography) was omitted; thus, column dimensions and materials in general were the same. Some significant differences in the procedure were as follows. Crude extract was prepared from 235 g of frozen 4-hydroxybenzoate-grown cells taken up in 600 ml of 0.1 M Trishydrochloride (pH 8)-S5 mM 3-mercaptoethanol, and the precipitate obtained between 64 and 100% saturation with (NH4)2SO4 was collected and dialyzed against 2 liters of the same buffer. For DEAE-Sephacel chromatography of the ammonium sulfate fraction, the column was equilibrated with this buffer and a linear gradient of 0 to 0.3 M KCI was applied, the enzyme eluting at ca. 0.18 M KCI. In the next step, a column (1.5 by 113 cm) of Sephadex G-150 was used instead of Sephacryl S-200 since better yields were given; for elution, the same Tris-hydrochloride buffer without the addition of ,B-mercaptoethanol was used. When applied to phenyl Sepharose column in the final step, the extract was brought to 15% (wt/vol) (NH4)2SO4, and the column was equilibrated with 0.1 M Tris-hydrochloride (pH 8) containing 15% (NH4)2SO4; for elution, a gradient of 15 to 0% (NH4)2SO4 (total volume, 300 ml) was used. After a final wash with buffer containing no (NH4)2SO4, active fractions were pooled and concentrated to 1 mg of protein per ml by using an Amicon PM10 membrane filter. On examination by polyacrylamide gel electrophoresis one major band was given with faint traces of contaminating proteins. The enzyme was less stable than salicylate hydroxylase; most of the activity was lost on storing at 4°C for 1 week. The purification procedure is summarized in Table 2 . A large increase in total activity followed treatment of the crude extract with (NH4)2SO4; for this reason, the yield at this stage is taken as 100% for comparison with later steps. Similar increases in yields during the initial stages of enzyme purification, including increases in yields of enzymes from T. cutaneum (2, 19) , have been reported and attributed to the removal of dialyzable inhibitors (17) .
Chemicals and chromatography. Hydroxyquinol, monoand di-hydroxybenzoic acids, and halogen-substituted salicylic acids were from Aldrich Chemical Co., Milwaukee, Wis. For good growth of T. cutaneum, it was necessary to use 4-hydroxybenzoic acid of 99% purity as the carbon source. 4-Chlorocatechol was the kind gift of Peter J. Chapman. Other chemicals and materials, including those used in column chromatography and thin-layer chromatography, were purchased from commercial sources previously specified. Procedures used for examining trimethylsilyl derivatives were those described previously (2) . RESULTS Properties of salicylate hydroxylase. (i) Molecular weight. The molecular weight of native enzyme was estimated to be 43,400 by gel filtration with a column of Sephacryl S-200. Electrophoresis in a sodium dodecyl sulfate-gel gave a single polypeptide chain of molecular weight 45,300, indicating that the enzyme is monomeric.
(ii) Stability. The enzyme was unstable in 0.05 M Na'-K' phosphate buffer (pH 7.0), and a decrease in activity was found to be accompanied by the appearance of a second band upon sodium dodecyl sulfate-gel electrophoresis, corresponding to a polypeptide of molecular weight 40,000: there was concomitant loss in the intensity of the band due to active enzyme (molecular weight, 45,300). Similar behavior was reported for catechol 1,2-dioxygenase purified from T. cutaneum (19) . Salicylate hydroxylase was stabilized by adding 0.5 mM dithiothreitol to the buffer, when 90% of the activity was retained on storing at 4°C for 1 week.
(iii) Effect of pH. The enzyme showed maximal activity at pH 7.5, reduced by ca. 25% at pH 6.5 and 8.5. The buffers used in these experiments contained either mixtures of Tris with N-(2-acetamido)iminodiacetic acid or 3-(cyclohexylamino)propanesulfonic acid or mixtures of Na+-K+ phosphate with EDTA or dithiothreitol. These had little effect upon the position of the pH optimum, but the rate at any particular pH was influenced by the choice of buffer. Bacterial salicylate hydroxylase is similarly affected (23); chloride ions, as described below, were particularly inhibitory.
(iv) Characteristics as a flavoprotein. The absorption spectrum of purified salicylate hydroxylase in the region of 300 to 550 nm was that of a typical flavoprotein (23), bearing no (10) from Pseudomonas species, the former competitively and the latter uncompetitively. Our kinetic studies of salicylate hydroxylase from T. cutaneum showed that inhibition by chloride was of the mixed type (21) . Thus, in the range from 0 to 0.2 M NaCl, plots of the reciprocals of reaction velocities against salicylate concentrations gave a series of straight lines intercepting at a single point to the left of the 1/V axis (Fig. 3 ). The bacterial enzyme shows similar behavior when inhibited with thiocyanate or iodide ions (23) .
(v) Substrates and effectors. Table 3 lists 12 substrates of salicylate hydroxylase purified from T. cutaneum; rates of decrease in extinction at 340 nm were measured and are compared with the rate obtained with salicylate as the substrate. The concentration of each substrate in the assay mixture was 0.1 mM which, although saturating for salicylate, may not be sufficient for maximum velocity to be attained for other substrates. A separate experiment was also performed to relate the quantity of each substrate oxidized to the amount of 02 consumed. Uptakes of 02 were monitored with each compound present at 0.1 mM in the oxygen electrode. A small excess of NADH was provided in the reaction mixtures, made up in 0.05 M 2-(N-morpholino)-ethane sulfonate buffer (pH 6); this medium was chosen to minimize autooxidation reactions. Since only total uptake of 02 was required, amounts of enzyme were varied to give convenient rates of oxidation. For 9 of the compounds in Table 3 , consumption of 02 was within 3% of the theoretical consumption (1 mol of 02 per mol of substrate); for 5-methylsalicylate and 4-and 5-chlorosalicylate, the values were 1.16, 0.84, and 0.86 mol of 02 per mol of substrate, respectively. None of these compounds was a nonsubstrate effector (also termed pseudosubstrate by White-Stevens and Kamin [23] ) as was shown by adding 1,000 U of catalase at the end of the each experiment, when there was no return of 02; neither was consumption of 02 altered by adding catalase at the start of any of the reactions.
All of the compounds of Table 3 are orthohydroxy carboxylic acids. This structural feature is lacking in the following compounds, which were not attacked by salicylate hydroxylase: 3-and 4-hydroxybenzoates, 3,4-and 3,5-dihydroxybenzoates, 2-methoxybenzoate, 2-hydroxyphenylacetate, and 2,5-dihydroxyphenylacetate. Benzoate, which is a nonsubstrate effector of the bacterial enzyme (23), did not stimulate NADH oxidation at concentrations of substrate and enzyme used in the experiments of 40 puM NADH in 0.05 M Na+-K+ phosphate buffer (pH 7.5) with 0.5 mM dithiothreitol. This modification of procedure was necessary because gentisate absorbs light at 340 nm, its extinction being ca. one-fourth that of NADH.
(vi) Products formed from dihydroxybenzoates. From equation 2 (Fig. 1) , oxidative decarboxylation of 2,5-dihydroxybenzoate (gentisate) yields hydroxyquinol, and this is also the product expected from 2,4-dihydroxybenzoate. By contrast, both 2,6-dihydroxybenzoate (equation 3) and 2,3-dihydroxybenzoate would yield pyrogallol (1,2,3-trihydroxybenzene). Anderson and Dagley (1) used partially purified salicylate hydroxylase from T. cutaneum to convert gentisate into hydroxyquinol, which was characterized from its UV spectrum and by mass spectrometry of its trimethylsilyl derivative. We used the same procedures to characterize hydroxyquinol and pyrogallol formed from their substrates (Fig. 1) . However, at pH 7 and above, yields are reduced since these products are oxidized nonenzymatically to quinones. Spectral changes that accompany oxidation of hydroxyquinol have been recorded (3, 7) . Accordingly, experiments were repeated for reactions run at pH 6 to minimize quinone formation, and products were identified by thinlayer chromatography. Reaction mixtures contained (in 1 ml of 0.05 M 2-(N-morpholino)-ethane sulfonate [pH 6 .0]) 0.6 ,umol of NADH and 0.5 pumol of substrate. When 2,3-and 2,6-dihydroxybenzoates were used as substrates, reactions were started with 2.5 ,ug of enzyme protein and incubation was for 35 min at room temperature (20°C); for 2,4-and 2,5-dihydroxybenzoates, 1.4 p,g of protein was used for 17 min.
After incubation, reaction mixtures were extracted with ethyl acetate, dried with Na2SO4, concentrated, and spotted onto silica plates which were developed in benzene-acetoneformic acid (5:5:1). All products from 2,4-and 2,5-dihydroxybenzoates, and authentic hydroxyquinol, gave spots with an Rf of 0.63 which, in a few hours, turned dark brown with a trailing pink color. Products from 2,3-and 2,6-dihydroxybenzoates, and authentic pyrogallol, gave spots with an Rf of 0.61 which darkened more slowly, remaining light brown after several days. Confirmation of the identity of the product from 2,6-dihydroxybenzoate was obtained in a similar experiment when a trimethylsilyl derivative was prepared and examined by gas chromatography-mass spectrometry. The spectrum showed a parent ion of 342 mle, with a gas chromatographic retention time and fragmentation pattern also identical with that of the trimethylsilyl derivative of authentic pyrogallol.
Utilization of gentisate by growing cultures. Although an important substrate in bacterial aromatic catabolism (4), gentisate supports only very slow growth of T. cutaneum when supplied as the sole source of carbon (1) . This is seen in Fig. 4, curve 4 , where slow growth of a succinate-grown inoculum took place after a lag period of ca. 35 h. The initial burst of growth observed for all the media in Fig. 4 was supported at the expense of the Casamino Acids present, since it occurred even when the major sources of carbon were omitted. When salicylate was added at 24 h to a flask containing gentisate, growth was initiated (curve 3) and soon attained a rate characteristic of salicylate (curve 2) (Fig. 4) . When gentisate was added in the exponential phase to a culture growing on salicylate (curve 1), a greater cell yield was attained than that given by salicylate alone (curve 2), and the growth rate also indicated that gentisate was now readily metabolized (Fig. 4) .
Properties of hydroxyquinol 1,2-dioxygenase. The molecular weight of the native enzyme was estimated to be 93,000 by gel filtration with a Sephadex G-150 column. Electrophoresis in a sodium dodecyl sulfate-gel gave two distinct bands corresponding to molecular weights 39,600 and 38,200. It is therefore suggested that the enzyme is a dimer of two nonidentical subunits, as is the case for bacterial catechol 1,2-dioxygenase (13). Light-absorption properties of hydroxyquinol 1,2-dioxygenase resembled those of catechol 1,2-dioxygenase from T. cutaneum (19) : the enzyme was light red-brown in color at 1 mg of protein per ml, and its absorption spectrum showed a peak at 278 nm with a broad peak around 450 nm. Catechol 1,2-dioxygenase from T. cutaneum exhibits a peak at 560 nm; however, the enzyme from Pseudomonas sp. shows broad absorption at 440 to 450 nm (13) . The electron paramagnetic resonance spectrum, obtained with the guidance of J. M. Whittaker, showed a sharp signal at g = 4.22, as expected for a dioxygenase containing ferric, iron (13, 26) . Additions of ferric iron inhibited, rather than activated, the enzyme.
Hydroxyquinol 1,2-dioxygenase was remarkably substrate specific. It had slight activity against catechol and pyrogallol: rates were less than 1% of that against hydroxyquinol when assayed under standard conditions, but no activity could be detected against 3-and 4-methylcatechol, protocatechuate, 2,3-dihydroxybenzoate, 3-methoxycatechol, 4-chlorocatechol, or 4-nitrocatechol. Spectral changes were monitored when the enzyme oxidized hydroxyquinol: they were identical with those recorded by Gaal and Neujahr (8) , who used catechol 1,2-dioxygenase with hydroxyquinol as the substrate. Each enzyme catalyzes reaction 4 of Fig. 1 , giving maleylacetic acid as the product. Since hydroxyquinol is rapidly autooxidized at a pH of >7, it was not possible to determine the pH optimum of the enzyme. Lineweaver-Burk plots for rates measured at pH 6 gave a Km of 5.7 ,uM hydroxyquinol.
DISCUSSION
Bacterial salicylate hydroxylases are well characterized, and their study has provided insight into flavin enzyme mechanisms. Eucaryotic salicylate hydroxylase from T. cutaneum resembles the enzyme from P. putida (25) (15) . Gentisate is a very poor growth substrate for T. cutaneum, but we found that it was rapidly metabolized by, and supported the additional growth of, cells that were growing simultaneously at the expense of salicylate (Fig. 4) . (Fig. 4) ; the specific activity of salicylate hydroxylase after growth was 0.04 U/mg. Mixtures of salicylate and 2,4-dihydroxybenzoate supported growth at the rapid rate characteristic of salicylate alone, as was the case for mixtures of salicylate and gentisate (Fig. 4) . Salicylate hydroxylase oxidized 2,3-and 2,6-dihydroxybenzoates to pyrogallol much more slowly than gentisate and 2,4-dihydroxybenzoate were oxidized to hydroxyquinol. T. cutaneum readily metabolizes pyrogallol, but it is unlikely that salicylate hydroxylase is used to degrade 2,3-dihydroxybenzoate in natural habitats. This compound, being a catabolite of tryptophan and anthranilate, is the substrate for an effective decarboxylase which is induced when T. cutaneum grows either with these substrates or with salicylate (2). 2,6-Dihydroxybenzoate does not appear to be found in nature.
The pioneering studies of P. putida salicylate hydroxylase by Yamamoto et al. (25) were undertaken before the concept of nonsubstrate effector had been developed. For the dihydroxybenzoates of Table 3 , they reported rates of oxidation of NADH between 41 and 135% of the rate measured in the presence of salicylate. No formation of hydroxyquinol was observed from gentisate or 2,4-dihydroxybenzoate which are, therefore, probably nonsubstrate effectors of this enzyme, but pyrogallol was detected in reaction mixtures containing 2,3-and 2,6-dihydroxybenzoates. The authors point out that this observation shows that the carbon atom of the benzene nucleus that carries the carboxyl group is hydroxylated with loss of C02: in principle, hydroxylation at C-3 could, alternatively, occur with subsequent decarboxylation. Recently, use of deuterated salicylate with the enzyme from Pseudomonas cepacia has also shown that the substrate is decarboxylated and hydroxylated at one and the same carbon of the nucleus (9, 20) . Our present results, which are not complicated by pseudosubstrate behavior, are in agreement with this conclusion since hydroxyquinol or pyrogallol were identified as reaction products of the dihydroxybenzoate isomers in accordance with equations 2 and 3 of Fig. 1 .
Intradiol ring fission of hydroxyquinol occurs when resorcinol is degraded by P. putida (3) . Although this dioxygenase has not been isolated from bacteria and characterized, it appears to be a different protein from bacterial catechol 1,2-dioxygenase, because catechol is attacked only slowly by the same cell extracts of P. putida that oxidize hydroxyquinol rapidly (3) . The substrate specificity range of catechol 1,2-dioxygenase purified from T. cutaneum (19) is markedly different from that of hydroxyquinol 1,2-dioxygenase from the same organism. Thus, for catechol 1,2-dioxygenase the relative rates of oxidation (catechol, 100) for hydroxyquinol, pyrogallol, 4-methylcatechol, and 3-methylcatechol are, respectively, 51, 17, 17, and 12 (19) . Hydroxyquinol 1,2-dioxygenase oxidized catechol and pyrogallol at less than 1% of the rate for hydroxyquinol, and none of the other substrates tested was oxidized. It is remarkable that T. cutaneum elaborates an enzyme of such tight substrate specificity when its catechol 1,2-dioxygenase oxidizes hydroxyquinol quite readily. However, in this organism, hydroxyquinol is the ring-fission substrate for catabolic pathways leading to the Krebs cycle from benzoate, 4-hydroxybenzoate, protocatechuate, gentisate (1) , resorcinol (7) , and 2,4-dihydroxybenzoate; consequently, hydroxyquinol is a catabolite of greater importance for T. cutaneim than for bacteria. Nevertheless, hydroxyquinol 1,2-dioxygenase shares characteristics with bacterial intradiol dioxygenase. Thus, like the Pseudomonas enzymes catechol 1,2-dioxygenase (13) and protocatechuate 3,4-dioxygenase (26) , it contains ferric iron and consists of nonidentical subunits. The former enzyme is a dimer with subunits of molecular weights 30,000 and 32,000, whereas we found values of 38,000 and 39,600 for hydroxyquinol 1,2-dioxygenase from T. cuttaneum.
